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ABSTRACT 
An array of monopole elements with reduced element spacing of / 20  to / 6  is considered for 
application in digital beam-forming and direction-finding.  The small element spacing introduces strong 
mutual coupling between the array elements.  This paper discusses that decoupling can be achieved 
analytically for arrays with three elements and describes Kuroda’s identities to realize the lumped 
elements of the derived decoupling network.  Design procedures and equations are proposed.  
Experimental results are presented.  The decoupled array has a bandwidth of 1% and a superdirective 
radiation pattern.   
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1. INTRODUCTION 
Arrays with very small element spacing of / 20  to / 6  display strong mutual coupling between the 
elements.  Mutual coupling effects are significant even for inter-element spacing of more than half a 
wavelength [1], and the effects are more severe when the spacing is reduced beyond that.  If the mutual 
coupling is not properly accounted for, there is significant degradation of the signal-to-interference-plus-
noise ratio (SINR) [1, 2].  The decrease in the SINR reduces the detectable range and increases the 
minimum detectable velocity of the target in space-time adaptive processing [2].  The presence of mutual 
coupling decreases the eigenvalues of the covariance matrix of the signal, which controls the response 
time of an adaptive array [1].  It is therefore vital that mutual coupling be taken into consideration during 
the design of arrays with small element spacing. 
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Various compensation techniques have been proposed.  In shaped beam antennas, modifying the 
excitation vector compensates for the mutual coupling effect [3].  In digital beam forming antenna array, 
matrix multiplication technique is performed on the received signal vector to restore the signals at the 
isolated elements in the absence of coupling [4 - 7].  Determination of the coupling matrix can be 
achieved by the method of Fourier decomposition, method of least-squares solution or the method of 
moments [7]. 
 
However, it has been shown that signal-to-noise maximization can only be achieved if all mode 
admittances of the array are identical, which necessitates the use of a decoupling network [8, 9].  Without 
a decoupling network, the mode admittances cannot be simultaneously matched to the optimum source 
admittance, and some modes will be badly noise-matched.  If these modes are needed for forming the 
desired radiation characteristic, the signal-to-noise-ratio (SNR) will be reduced substantially.  This effect 
cannot be compensated for by means of digital signal processing. 
 
It has been suggested that by connecting simple reactive elements between the input ports and antenna 
ports, the mutual coupling between the antenna elements can be completely removed [10].  However, this 
can only be implemented in cases where the off-diagonal elements of the admittance matrix are all purely 
imaginary.  For a 3-element array, this is achieved by adjusting the distances between the antenna 
elements [10], or by modifying the length of the antenna elements [8, 9]. In this paper, a new way of 
decoupling a 3-element array is explored and practical implementation of the decoupling network is 
provided.  This approach does not require the mutual admittances of the antenna to be purely susceptive.  
Instead, an array with arbitrary complex mutual admittance can be decoupled with the help of a lossless 
network without having to modify the length of the antenna elements or the spacing between the 
elements.  Suggestions for the implementation of the lumped elements of the decoupling network in 
microstrip are also provided. 
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2. DECOUPLING AND MATCHING NETWORKS 
The proposed decoupling network for a 3-element array is as shown in Figure 1.  The decoupling network 
consists of a series section with components 1jX  and a parallel section with components 2jB .  Two 
different approaches are used to compute the components of the decoupling network. 
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Figure 1 A lossless decoupling network for a 3-element array. 
 
2.1. Eigenmode analysis 
In the eigenmode analysis, the admittance matrix of the array and its eigenvalues are evaluated as 
described in [8] and [9].  The equivalent circuit for the different eigenmodes are shown in Figure 2.  From 
Figure 2, the input admittances for the three modes are given by 
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where 11 122AY Y Y   and 11 12B CY Y Y Y    are the mode-admittances for modes A, B and C, and 
[ ]ijYY  is the admittance matrix of the array. 
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Figure 2 Equivalent circuits for the different eigenmodes of a 3-element array. 
 
In this eigenmode analysis, the decoupling network decouples the ports of the array by matching all the 
mode-admittances.  From (1) and (2), 1X  and 2B  can be obtained by evaluating the real and imaginary 
parts of the nonlinear equation 
 in, in,A BY Y . (3) 
 
Analytical solutions for 1X  and 2B  are obtained in terms of the admittance parameters, 11Y  and 12Y  by 
using Mathematica [11].  By substituting numerical values for the admittance parameters of the array, the 
values of 1X  and 2B  can be obtained. 
 
2.2. Network analysis 
The following impedance and admittance matrices describe the series and parallel sections of the 
decoupling network respectively: 
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The admittance matrix of the decoupled array can be written as: 
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For decoupling to be achieved, the mutual admittance of the decoupled system, DY12 , should be zero.  
Solutions for 1X  and 2B  are obtained by evaluating the real and imaginary parts of the nonlinear 
equation 
 12 0
DY  . (7) 
Analytical solutions for 1X  and 2B  can thus be obtained.  It has been verified that solutions thus 
obtained are consistent with those obtained from the eigenmode analysis. 
 
The decoupled antenna array can easily be matched to any desired impedance, since the impedances 
looking into each port of the array are now identical.  Simple 2-component ladder networks can be used 
[12]. 
 
3. DECOUPLING NETWORK IMPLEMENTATION 
3.1. Realization of lumped elements 
To implement the decoupling and matching networks, the ideal lumped capacitors and inductors have to 
be converted to realizable forms in microstrip.  In order to realize the reactive components as microstrip 
stubs, Kuroda’s identities [12 – 15] are applied.  These identities make use of a unit element (U.E.) that 
has impedance inversion properties.  In [13] and [14], each unit element is a quarter-wavelength 
transmission line.  However, in [12], the unit element is defined as 1/8 of a wavelength of transmission 
line.  It is found that both definitions are correct.  In fact, the latter [12] is a subset of the former [13, 14].  
If 1/8-wavelength unit elements were used, the characteristic impedance of some of the microstrip lines 
would not be equal to 50 after application of Kuroda’s identities.  In contrast, the use of quarter-
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wavelength unit elements results in a consistent characteristic impedance of 50 for all the microstrip 
lines. This definition of a unit element was therefore adopted in all investigations. 
 
To realize a series inductor, Kuroda’s identity is applied to transform it to a shunt capacitor as shown in 
Figure 3.  The shunt capacitor can easily be implemented by an open-circuited microstrip stub, with the 
electrical length oc  of the stub given by 
  1 0tanoc ocl CZ     , (8) 
 
where 2    is the phase constant,   is the angular frequency, C is the capacitance value and 0Z  is the 
characteristic impedance of the microstrip line. 
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Figure 3 Kuroda’s identity. 
 
For a series capacitor, Kuroda’s identity cannot be applied directly.  The series capacitor first needs to be 
transformed to its equivalent (negative) series inductor.  Shunt inductors and capacitors are easily realized 
as shunt stubs.  In practice, a short-circuited stub is preferred to an open-circuited stub because it is more 
feasible and realistic to have a short circuit than to have an ideal open-circuit.  An open-circuited stub is 
easily converted to a short-circuited stub by adding an additional quarter-wavelength line to the open-
circuited stub, so that 2sc oc     .  Table 1 summarizes the realization of the lumped inductors and 
capacitors as microstrip stubs, with the corresponding equations required for the transformations. 
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Table 1  Transformation of lumped elements to microstrip stubs. 
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3.2. Symmetry in parallel section of decoupling network 
The preservation of symmetry is vital for the series components in the parallel section of the decoupling 
network.  Experiments have shown that when symmetry is disturbed, decoupling is not achieved.  For an 
inductor in the parallel section of the decoupling network, symmetry is maintained by representing the 
inductor as two separate inductors in series, each with inductance value half of that of the original 
inductor.  (See Figure 4.)  A capacitor in the parallel section of the decoupling network is first converted 
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to its equivalent (negative) inductance.  The resulting equivalent inductor is then implemented with two 
(negative) series inductors, each with half the original inductance as shown in Figure 4.  In addition, unit 
elements on each side of the component must add up to multiples of half-wavelengths in order to preserve 
symmetry in the parallel section of the decoupling network. 
L L / 2 L / 2
 
 
Figure 4 Transformation on inductor to maintain symmetry. 
 
4. EXPERIMENTAL RESULTS 
4.1. Fabrication of array 
A prototype array consisting of three monopoles with an element spacing of 10λ  was designed and 
manufactured.  Gold-plated brass rods were used to construct the monopole elements for the array.  The 
dimensions of the rods are given in Figure 5.  The chosen frequency of operation of the array is at 2.45 
GHz.  The length of the thicker section of the rod was chosen to be a quarter of a wavelength.  The 
thinner section of the rod is for support and provides means of connecting the array elements to the 
decoupling and matching network.  A ring of Teflon around the thinner section insulates the antenna from 
the surrounding metal ground.  This section effectively forms a coaxial feed.  The diameters of the rod 
and the hole were chosen to yield a characteristic impedance of approximately 50  so as to avoid a 
mismatch at the feed. The network parameters were computed using a commercial software package [16] 
and subsequently, the elements of the decoupling network were calculated. 
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Figure 5 Dimensions of the monopole element for the array. 
 
Rogers (RT/duroid 5880) substrate with dielectric constant of 2.2r  , a height of 31 mil and loss 
tangent of 0.0009 was used for the microstrip decoupling and matching networks.  In designing the layout 
of the microstrip network, the lines are meandered to reduce the overall size of the network.  Figure 6 
shows etching mask of the microstrip decoupling and matching network.  This network was mounted on 
the underside of the metal ground plane. 
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Figure 6 Layout of the microstrip decoupling and matching network. 
 
4.2.  Results 
Measured results of the scattering parameters of the array with and without the decoupling-matching 
network shown in Figure 7 confirm the theory. The magnitude of 21S  of the array without the decoupling 
network in Figure 7(b) is approximately –6 dB at the operating frequency and between –10 dB to –5 dB 
across the frequency band shown.  With the decoupling network, 21S  is reduced to –15 dB at the 
operating frequency and this value is maintained across the entire frequency band of interest.  This 
verifies that decoupling of the array can be achieved in this way. A slight shift in the frequency response 
away from the design frequency may be due to inaccuracies in the modelling of the discontinuity at the 
junction between the feed and the base of the monopole. 
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Figure 7(a) Measured values of 11S  with and without the decoupling-matching network. 
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Figure 7(b) Measured values of 21S  with and without the decoupling-matching network. 
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The decoupled array has a narrow bandwidth of 1%.  This is due to the inherent narrowband nature of the 
strongly coupled array, and not due to the decoupling network.  If a wider bandwidth is required, it will 
only be achieved at the cost of larger element spacing.  This narrow bandwidth filters away strong out-of-
band interfering signals, and reduces mutual interaction with arrays in neighbouring frequencies.  Several 
of these antennas with narrow bandwidth can be used to multiplex the whole system bandwidth, 
performing the function of a frequency multiplexer [17]. 
 
Theoretical simulations show that the decoupled array has a superdirective radiation pattern, as shown in 
Figure 8.  This makes it applicable for direction finding or beam forming.  It increases the channel 
capacity and minimizes the power requirements, since the antennas operate only in the required directions 
and thus saving resources in directions when broadcast is not required.  Superdirective arrays can be also 
be used for adaptive nulling, where disturbances based on their angular distribution of incidence are 
adaptively rejected [17]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 Superdirective radiation pattern of a decoupled array. 
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3
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5. CONCLUSION 
It has been shown that the effects of mutual coupling can be completely removed by the use of a novel 
decoupling network.  Analytical solutions for the decoupling network were obtained based on generalized 
array admittance matrix and decoupling components.  The practical realization of the antenna array and 
its decoupling and matching networks was illustrated.  Measured results confirmed that the array was 
indeed matched and decoupled, with a narrow bandwidth of 1% and a superdirective radiation pattern 
suitable for applications in frequency multiplexing, direction finding and adaptive nulling. 
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